. This again required a functional NES, since introduction of the A17 mutation into the carboxy-terminal transcripts were also detected at a high level in testis and at a low level in a small number of other tissues domain of TAP, which inhibits both NUP binding and NES function (Kang et al., 2000) , largely blocked the ( Figure 1B) . These data are consistent with a ubiquitous, essentially housekeeping role for TAP in global nuclear activation of CAT expression (Figure 2A ) without affecting the stability of the MS2-TAP fusion protein (FigmRNA export, but they argue that NXF2 and NXF3 are unlikely to play such a general role. ure 2B). We next tested fusion proteins consisting of MS2 linked to full-length NXF2 or NXF3 (Figure 2A ). Surpris-NXF3 Can Function as a Nuclear RNA Export Factor It has previously been demonstrated that TAP can speingly, the MS2-NXF2 fusion protein proved to be essentially inactive even though expression of this protein was cifically bind to the MPMV CTE and that expression of human TAP can rescue CTE function in nonpermissive readily detectable ( Figure 2B ). In contrast, the MS2-NXF3 fusion gave rise to a robust activation of the quail cells (Grü ter et al., 1998; Kang and Cullen, 1999). However, neither NXF2 nor NXF3 proved able to bind pDM128/4XMS2 indicator construct. To confirm that the observed activation of CAT protein expression indeed the CTE, and it was therefore not surprising that expression of these proteins failed to rescue CTE function in reflected the cytoplasmic appearance of the unspliced cat mRNA encoded by pDM128/4XMS2, we also perquail cells (data not shown). Figure 2C, lane 8) . Therefore, NXF3, like TAP, is able to activate the nuclear export of an mRNA when tethered to that RNA by fusion to a heterologous RNA binding domain. Figure 4D ). We therefore conclude that NXF3 is indeed activating the nuclear export of tethered RNA molecules by recruitment of the Crm1 nuclear export factor.
NXF3 Interacts with the CRM1 Nuclear Export Factor

NXF3 Is a Nucleocytoplasmic Shuttle Protein
Expression of a form of the NXF3 protein bearing a hemaglutinin (HA) epitope Tag, followed by immunofluorescent analysis, revealed that NXF3 is localized to both the nucleus and cytoplasm in transfected cells ( Figure  5A ), as also reported by Herold et al. (2000) . As this tagged protein is ‫06ف‬ kDa in size and therefore too large to diffuse into the nucleus, its partially nuclear localization implies active nuclear import, i.e., the presence of an NLS. The observation that NXF3 can mediate the nuclear export of tethered RNA molecules ( Figure  2 ) suggests that NXF3 should also contain an NES. We As shown in Figure 5B , this resulted in an entirely nuclear localization for the HA-NXF3 protein. We therefore conclude that NXF3 contains not only a Crm1-dependent these data imply that the carboxy-terminal truncation NES, but also an active NLS, and that the full-length of NXF3, when compared to TAP, has indeed blocked NXF3 protein continuously shuttles between the nucleus the ability of NXF3 to interact with NUPs such as CG1 and the cytoplasm of expressing cells. and NUP153 that normally bind to this TAP domain. However, these data also suggest that NXF3 has acquired the ability to instead interact with Crm1. To test
Identification of a Leucine-Rich NES in NXF3
To define the location of the Crm1 binding site in NXF3, this hypothesis, we performed a two-hybrid assay in human cells, as previously described (Bogerd et al.,
we first divided NXF3 into four overlapping fragments of ‫051ف‬ aa each and determined that only one of these 1998), using a plasmid that expresses a GAL4 DNA binding domain fusion to Crm1 and a second plasmid that (extending from 260 to 410) was able to interact with RAB/hRIP in the yeast two-hybrid assay (data not expresses the VP16 transcription activation domain fused to Rev, TAP, or NXF3 (for technical reasons, TAP shown). This 150 aa segment was then subdivided into three overlapping fragments of 60 amino acids each and NXF3 were actually expressed fused to both the MS2 coat protein and the VP16 sequence). As shown that, when analyzed by yeast two-hyrid assay, further mapped the Crm1 binding site of NXF3 to between resiin Figure 4A , this assay revealed a readily detectable interaction between Rev and Crm1, while no binding of dues 260 and 320. Inspection of this sequence revealed a short leucine-rich sequence (296-INSILEL-302) that TAP to Crm1 was detectable. NXF3, like Rev but unlike the far more closely related TAP protein, was also able displays similarity to the previously defined leucine-rich NES consensus (Bogerd et al., 1996; Kim et al., 1996) . to bind to Crm1 specifically in this human cell based assay.
Importantly, the equivalent sequences in TAP ( We have shown that the full-length NXF3 protein is a assay, yet it fully retained the ability to bind to the p15-1 Crm1-dependent nucleocytoplasmic shuttle protein that cofactor (Figure 3) . Consistent with the hypothesis that is able to mediate the nuclear export of mRNA molecules mutation of leucine residues 300 and 302 in NXF3 seto which it is tethered via the MS2 coat protein (Figure lectively inactivates Crm1 binding, the NXF3⌬ mutant 2). An important additional prediction for a bona fide indeed proved unable to interact with Crm1 in the mamnuclear mRNA export factor is that it should at least malian two-hybrid assay ( Figure 4A expression in transfected cells. Importantly, these RNA:protein interactions were only detectable in UVirradiated cells. terminally HA-tagged forms of TAP, NXF3, or Importin ␣ (Imp␣). Imp␣ was chosen as a negative control since this protein nuclear import factor is similar in size to Discussion NXF3, also shuttles between the nucleus and the cytoplasm, and (like NXF3) is largely nuclear at steady state A role for the TAP protein in mRNA nuclear export was first suggested by the identification of TAP as the cellular (Herold et al., 
1998). At 44 hr after transfection, cultures were UV irradiated (Piñ ol-Roma and Dreyfuss, 1992) and target for the CTE RNA export sequence encoded by the retrovirus MPMV (Grü ter et al., 1998). Because the poly(A)
ϩ RNA/protein complexes were isolated from total cell lysates prepared from both UV crosslinked and CTE is not active in certain nonmammalian contexts but can be functionally rescued by expression of human noncrosslinked cultures using oligo(dT) cellulose. Samples were then treated with RNase A and analyzed by TAP, it has been possible to define functional domains in TAP that are important for mediating CTE-dependent SDS-PAGE followed by Western blotting using an HAspecific mouse monoclonal antibody. Total cell lysates nuclear RNA export ( Figure 1A) . The most interesting of these is the essential carboxy-terminal NUP binding from samples not subjected to oligo(dT) purification were also analyzed to verify that comparable levels of domain (Kang and Cullen, 1999; Katahira et al., 1999; Bachi et al., 2000). This domain is unique among nuclear each protein were expressed.
As shown in the middle panel of Figure 6 , we were able export factors in that it permits TAP to directly interact with components of the NPC, and hence mediate nuto detect a specific interaction between endogenous poly(A) ϩ RNA and both HA-TAP and HA-NXF3. The intenclear export, without the intercession of a member of the importin/exportin family of nuclear transport factors. sity of this interaction was comparable, thus suggesting that the recruitment of TAP and NXF3 to poly(A) ϩ RNA While the importance of TAP for CTE-dependent mRNA export can be readily demonstrated, the precise is equivalent in vivo. In contrast, an interaction between poly(A) ϩ RNA and HA-Imp␣ was barely detectable, as role of TAP in the sequence-nonspecific nuclear export of human mRNAs remains to be defined (Cullen, 2000) . was predicted based on the known role of Imp␣ in protein nuclear import rather than in mRNA nuclear export.
However, a critical role for TAP in this process is strongly . A leucine-rich motif that mapped to around residues 296 to 302 in NXF3 ( Figure 1A ) was in fact found at the level of nucleocytoplasmic transport. The human genome encodes five genes that are clearly related to to be essential for both Crm1 binding and nuclear export mediated by the NXF3 protein (Figures 2A and 4A) . Muta-TAP but only two of these, NXF2 and NXF3, encode open reading frames (Herold et al., 2000) . However, NXF3 tion of this motif neither destabilized the NXF3 protein ( Figures 2B and 4B) nor interfered with the ability of appeared unpromising as a candidate nuclear export factor because it lacks sequences equivalent to the criti-NXF3 to bind to p15-1, a known cofactor for TAP-dependent nuclear mRNA export (Katahira et al., 1999) ( Figure  cal TAP carboxy-terminal domain (Figure 1A) . Remarkably, the data presented in this manuscript demonstrate 3). However, mutagenesis of this leucine-rich NES did result in the same entirely nuclear localization seen with NXF2 and NXF3 genes were predominantly expressed in human testis ( Figure 1B) . Of interest, it has recently wild-type NXF3 in the presence of LMB (Figure 5) .
Comparison of the predicted amino acid sequences been demonstrated that male-benefit genes, including testis-specific genes involved in the mitotic stages of of NXF3 and TAP suggests that the mutation of two arginine residues in TAP to two leucine residues in NXF3 male germ cell development, have selectively accumulated on the X chromosome during evolution (Wang et was a key step in the acquisition of a leucine-rich NES by NXF3, although the introduction of this mutation into al., 2001). These observations, therefore, raised the possibility that NXF2 and/or NXF3 might play a role in male TAP does not suffice to confer Crm1 binding (data not shown). The NXF3 NES falls within a region that has germ cell development, perhaps by acting as tissuespecific nuclear mRNA export factors. homology to a domain of TAP whose structure was recently solved (Liker et al., 2000) . As shown in Figure 7 , Although we have not yet identified a specific cargo for NXF3-mediated nuclear export, we nevertheless bethe two relevant arginines in TAP are located on the surface of the LRR subdomain and would be accessible lieve that NXF3 is indeed likely to function as a human nuclear mRNA export factor. The evidence in favor of for binding to Crm1 upon mutation to leucine. We therefore propose that NXF3 evolved from TAP, after gene this hypothesis includes the demonstration, using UV crosslinking, that NXF3 is associated with poly ( . The three-dimensional data were were normalized to the activity of the ␤-gal internal control, as predownloaded from the web site http://www.umass.edu/microbio/ viously described (Yang et al., 2000) . For LMB treatment, 293T cells chime/explorer/. In order to obtain a better view of the two arginine were transfected with Fugene-6 and then incubated at 37ЊC for 16 residues, the RNP domain was removed and only the LRR domain hr, at which time fresh medium containing LMB (5 ng/2 ml medium) was shown. Two arginine residues (342 and 344), which correspond was substituted. At 48 hr after transfection, the cells were harvested to the two critical leucine residues (300 and 302) in NXF3, were and CAT enzyme activity assayed. The amount of plasmid used in highlighted in red using RasMol software and are located on the transfections is given in each figure legend. Western analyses were surface of the TAP LRR domain. carried out using a rabbit polyclonal anti-MS2 protein antiserum (a gift of Dr. P. Stockley) or a monoclonal anti-VP16 activation domain
